The myelin sheath forms by the spiral wrapping of a glial membrane around an axon. The mechanisms involved are poorly understood but are likely to involve coordinated changes in the glial cell cytoskeleton. Because of its key role as a regulator of the cytoskeleton, we investigated the role of Rho kinase (ROCK), a major downstream effector of Rho, in Schwann cell morphology, differentiation, and myelination. Pharmacologic inhibition of ROCK activity results in loss of microvilli and stress fibers in Schwann cell cultures and strikingly aberrant myelination in Schwann cell-neuron cocultures; there was no effect on Schwann cell proliferation or differentiation. Treated Schwann cells branch aberrantly and form multiple, small, independent myelin segments along the length of axons, each with associated nodes and paranodes. This organization partially resembles myelin formed by oligodendrocytes rather than the single long myelin sheath characteristic of Schwann cells. ROCK regulates myosin light chain phosphorylation, which is robustly, but transiently, activated at the onset of myelination. These results support a key role of Rho through its effector ROCK in coordinating the movement of the glial membrane around the axon at the onset of myelination via regulation of myosin phosphorylation and actomyosin assembly. They also indicate that the molecular machinery that promotes the wrapping of the glial membrane sheath around the axon is distributed along the entire length of the internode.
Introduction
Myelin is a unique, multilamellar membrane sheath elaborated around axons by Schwann cells in the peripheral nervous system (PNS) and oligodendrocytes in the CNS; it is required for efficient and rapid propagation of action potentials by saltatory conduction. In vivo and in vitro studies suggest that the myelin sheath forms by progressive wrapping of an inner (adaxonal) membrane of the Schwann cell around the axon (Geren, 1954; Bunge et al., 1989) . The sheath is initially loosely spiraled and later compacts; subsequently, the sheath further expands in the radial and longitudinal directions (Peters et al., 1991) . Oligodendrocytes appear to first extend a filopodia along the axon and later, a ruffling lamellipodia spirals around the axon by a comparable mechanism of an inner turn wrapping around the axon (Asou et al., 1995) . However, unlike Schwann cells, which form only a single myelin sheath per cell, oligodendrocytes elaborate multiple processes, each of which can independently myelinate axons; they also lack the basal lamina characteristic of PNS myelin.
These dramatic morphogenetic events are likely to reflect major changes in the organization of the glial cell actin cytoskeleton. The importance of the actin cytoskeleton was underscored by studies in which treatment of myelinating Schwann cell-neuron cocultures with cytochalasin D blocked ensheathment and myelination in a concentration-dependent manner (FernandezValle et al., 1997) . Localization studies have demonstrated that actin and ERM (ezrin, radixin, and moesin) proteins, which are initially diffusely distributed, concentrate at either end of the Schwann cell just before myelination (Melendez-Vasquez et al., 2001; Pedraza et al., 2001) at tips of the cell that are dynamically active (Gatto et al., 2003) . Actin microfilaments are also enriched in the processes of immature oligodendrocytes and, together with myosin IIB, are concentrated at the leading edges (Kachar et al., 1986; Wilson and Brophy, 1989; Song et al., 2001) .
Rho GTPases, a family of small GTP-binding proteins, are important candidates to coordinate remodeling of the actin cytoskeleton during myelination. Rho, Rac, and Cdc42 have been the most extensively characterized family members and were originally implicated in the signal transduction pathways that control actomyosin assembly in stress fibers, lamellipodia, and filopodia, respectively. They are now known to regulate a wide variety of actin-based morphogenetic events (for review, see Etienne-Manneville and Hall, 2002) . Rho GTPases are molecular switches, cycling between an inactive (GDP-bound) and an active (GTP-bound) state. In their active state, these molecules bind to a variety of effectors that regulate the actin cytoskeleton and its interaction with microtubules (Etienne-Manneville and Hall, 2002; Rodriguez et al., 2003) .
A key effector of Rho is Rho kinase (ROCK), a serinethreonine kinase that regulates actin polymerization and myosin activity (Amano et al., 2000; Tsuji et al., 2002; Riento and Ridley, 2003) . ROCK has two isoforms, both of which are widely expressed in various tissues, although ROCK 2 predominates in the heart and brain (Amano et al., 2000; Riento and Ridley, 2003) . After activation by Rho, ROCK phosphorylates a number of substrates that regulate cytoskeletal assembly . Because of the high homology of their kinase domains, these isoforms are likely to have similar substrate specificities, including the ERM proteins (Oshiro et al., 1998) , LIM kinase (Maekawa et al., 1999) , and adducin (Matsuoka et al., 2000) . Of particular interest, ROCK directly phosphorylates myosin II light chain (MLC), a regulatory subunit , and inactivates its phosphatase . Myosin II is a well characterized motor protein with a role in diverse motile activities including vesicle trafficking, membrane ruffling, and cell migration (Mermall et al., 1998) . Phosphorylation of MLC stimulates myosin II activity and assembly, promoting the stability and contractility of actomyosin (Tan et al., 1992) . MLC also can be phosphorylated directly via myosin light chain kinase (Ikebe et al., 1986) and by p21-activated kinase (PAK) (Chew et al., 1998) , which are regulated in part by different upstream signals, including other Rho GTPases and Ca 2ϩ /calmodulin (Chew et al., 1998; Tsuji et al., 2002) .
Little is known about the role of the Rho GTPases during myelination. In this study, we examined the distribution of Rho and ROCK in Schwann cells and the role of the latter in myelin sheath formation. We provide evidence that ROCK plays a key role in the coordinate progression of the Schwann cell membrane around the axon during myelination by regulating MLC phosphorylation and actomyosin assembly.
Materials and Methods
Preparation of sciatic nerve sections and teased fibers. Teased fibers and frozen sections from sciatic and optic nerves were prepared as described previously (Rios et al., 2000) . Briefly, sciatic nerves were removed from Sprague Dawley rats (Taconic Farms, Germantown, NY), fixed in 4% paraformaldehyde, and teased in ice-cold Dulbecco's PBS using fine needles. For frozen sections, sciatic nerves were dissected out, fixed in 4% paraformaldehyde, cryoprotected in 30% sucrose, frozen in OCT (VWR Scientific Products New York, NY), and cut in 10 m thick cryostat sections. Tissue slides were stored at Ϫ80°C until used.
Tissue culture methods. Primary rat Schwann cells, dorsal root ganglion (DRG) neurons, and myelinating Schwann cell-DRG coculture were established as described previously (Einheber et al., 1995) . Schwann cell cultures were kept in serum-containing media (D media) consisting of DMEM (BioWhittaker, Walkersville, MD), 10% FBS (Hyclone Laboratories, Logan, UT), and 2 mM L-glutamine (Invitrogen, Gaithersburg, MD) until used. For ROCK inhibition experiments, Schwann cell cultures were treated for 24 hr with D media containing Y-27632 (Welfide Corporation, Osaka, Japan) or HA-1077 (Calbiochem, La Jolla, CA) at a final concentration of 10 M. For studies of the effects of ROCK inhibition on myelination, cocultures were switched to myelin-promoting media and supplemented with or without Y-27632 or HA-1077 at a final concentration of 20 M. Control and treated cultures were allowed to myelinate for up to 3 weeks.
To quantitate the extent of myelination in control and ROCKinhibited cultures, the total number and length of myelin basic protein (MBPϩ) segments was counted in each of nine random low-power fields per coverslip (total of 18 fields per condition per experiment; total of two experiments). Statistical tests were performed using Graph Pad Prism software (Graph Pad, San Diego, CA) Antibodies and immunofluorescence. Antibodies used in these studies included those reactive to: Rho A (s.c.-418), Rock-1 (s.c.-6056), Rock-2 (s.c.-6056), , and Krox-24 (s.c.-110) (Santa Cruz Biotechnology, Santa Cruz, CA); phosphorylated cofilin and phosphorylated myosin light chain 2 (Cell Signaling Technology, Beverly, MA); monoclonal antibody (mAb) against MBP (SMI 94; Sternberger Monoclonals, Baltimore, MD); phalloidin-FITC and rabbit anti-EHS laminin Ab (Sigma, St. Louis, MO); a rat mAb (297S) specific for the 567T-phosphorylated forms of ERM proteins (S. Tsukita, Kyoto University, Kyoto, Japan); rabbit polyclonal antibodies against human placental ezrin and recombinant rat glutathione S-transferase-radixin (A. Bretscher, Cornell University, Ithaca, NY); guinea-pig antiserum to the carboxy terminus of mouse Neurexin IV/Caspr (M. Bhat, University of North Carolina, Chapel Hill, NC); chicken Ab to ␤IV spectrin (M. Komada, Tokyo Institute of Technology, Tokyo, Japan), and rabbit polyclonal antibodies to P0 (M. Filbin, Hunter College, New York, NY) and SCIP (G. Lemke, The Salk Institute, La Jolla, CA). Secondary antibodies conjugated to Rhodamine, fluorescein, coumarin, or cyanin 5 were obtained from Jackson Laboratories (West Grove, PA). Fixed samples (Schwann cells, myelinating coculture, frozen sections, and teased sciatic nerves) were permeabilized with acetone at Ϫ20°C, washed, and stained as described previously (Melendez-Vasquez et al., 2001) . The tissue was examined by epifluorescence on a Zeiss (Thornwood, NY) Axiophot microscope and on a Zeiss LSM 510 confocal microscope.
Schwann cell proliferation assays. To investigate the effect of ROCK inhibition on the proliferation of Schwann cells, bromodeoxyuridine (BrdU) incorporation assays were performed as described previously (Maurel and Salzer, 2000) . Briefly, 50,000 Schwann cells were plated onto poly-L-lysine-coated glass coverslips, and the next day were treated for 24 hr with 10 or 20 M Y-27632 or HA-1077 in fresh media. Control cultures were maintained in media with or without forskolin (4 M; Sigma) and glial growth factor (GGF) (5 ng/ml; rhGGF2). We also examined Schwann cells proliferating in cocultures with DRG neurons. For these studies, 10,000 Schwann cells in C media were seeded onto dissociated DRG neurons. After 24 hr, cultures were fed fresh media with or without ROCK inhibitors for an additional 24 hr. Cells were then processed for BrdU immunostaining. In all conditions, BrdU was added during the last 4 hr of culture at a final concentration of 20 M; immunostaining was performed according to the instructions of the manufacturer (Boehringer Mannheim, Indianapolis, IN).
Electron microscopy. Control and treated myelinating cocultures were processed as described previously (Einheber et al., 1995) or by a "stamp" method. For the latter, cultures grown on collagen-coated glass coverslips were rinsed in PBS and fixed overnight at 4°C in 2% glutaraldehyde diluted in 0.1 M phosphate buffer, pH 7.0 (0.1 M PB). The fixed cultures were then washed in 0.1 M PB and incubated in 2% osmium tetroxide in 0.1 M PB for 1 hr. After washing in 0.1 M PB, the cultures were dehydrated through a graded series of alcohol ranging from 30 to 100% and then incubated with EMbed (Electron Microscopy Sciences, Fort Washington, PA) for 2 hr. The EMbed was removed, and capsules filled with EMbed were then inverted on top of each coverslip and allowed to sit overnight. The coverslips with inverted capsules were incubated for 2 d at 60°C to polymerize the resin. The capsules bearing the embedded cultures were then pried from the coverslips, and ultrathin sections were prepared from regions of interest. The sections were counterstained with uranyl acetate and Reynold's lead citrate and examined on a Philips (Eindhoven, The Netherlands) CM10 electron microscope.
Cell extracts and immunoblotting. Rat sciatic nerves, cultures of DRG neurons, Schwann cells, and myelinating cocultures were lysed in a solution containing 1% SDS, 150 mM NaCl, 10 mM EDTA, 1 mM PMSF, 10 g/ml aprotinin, and 20 M leupeptin in 50 mM Tris, pH 7.4. Lysates were cleared by centrifugation at 12,000 ϫ g for 10 min. Protein concentrations were determined using the BCA method (Pierce, Rockford, IL). Lysates (10 -30 g of total protein) were subjected to SDS-PAGE and blotted onto nitrocellulose. Appropriate regions of the blots were cut and incubated with specific antibodies and developed using the SuperSignal chemiluminescent substrate (Pierce).
Results

Expression of Rho and ROCK in Schwann cells in vitro and in vivo
We first examined the distribution and expression of Rho and ROCK in Schwann cells by immunofluorescence and Western blotting (Fig. 1) . ROCK has two known isoforms, ROCK1 and ROCK2, which are widely expressed (Amano et al., 2000; Riento and Ridley, 2003) . We found Rho to be diffusely expressed in the cytoplasm of primary cultures of rat Schwann cells (Fig. 1a) . In cocultures of neurons and Schwann cells, Rho and both ROCK isoforms were robustly expressed by Schwann cells relative to neurons under premyelinating and myelinating conditions (data not shown). These results were corroborated by Western blotting (Fig. 1b) , which demonstrated that Schwann cells express high levels of Rho, ROCK1, and ROCK2, whereas DRG neurons express lower but detectable levels of RhoA and ROCK2. These results agree with a recent report that cultured rat Schwann cells express high levels of RhoA and RhoB (Taylor et al., 2003) . In adult rat sciatic nerve, RhoA staining was seen in various Schwann cell compartments, principally in the abaxonal membrane and nodal microvilli (Fig. 1c) . Colocalization with ezrin, which is highly expressed in the Schwann cell microvilli, provided additional evidence that Rho is enriched at this site (Fig. 1d) . Rho was also detected at the Schmidt-Lanterman incisures (Fig 1c,d) . These are sites of noncompacted membrane and actin enrichment (Trapp et al., 1989) , perhaps indicating active regulation of the actin cytoskeleton in these regions. Preliminary analysis suggests that Rho is diffusely expressed in Schwann cells at the onset of myelination (e.g., P2) in peripheral nerves (data not shown).
Together, these results demonstrate that Rho and ROCK expression is primarily associated with Schwann cells in cultures and in the PNS.
Changes in Schwann cell morphology with inhibition of ROCK
To study the role of Rho and its effector ROCK on Schwann cell morphology, we used two selective inhibitors of this kinase, Y-27632 and HA-1077. Both drugs have an affinity for Rho kinases that is at least 20 -30 times higher than those for other Rho effector kinases, including citron kinase and protein kinase N, and have been extensively used to study the function of ROCK (Davies et al., 2000; Ishizaki et al., 2000) . Schwann cells were treated with or without Y-27632 or HA-1077 for 24 hr at a final concentration of 10 M. At low density, Schwann cells in control cultures exhibited a flattened, polygonal morphology with abundant stress fibers and numerous radixin-positive microvilli protruding from their surface (Fig. 2a) . Schwann cells treated with Y-27632 (Fig. 2b) or HA-1077 (data not shown) were significantly more elongated, with collapsed stress fibers, and had lost their microvilli; radixin staining was instead present within filopodial-like processes at either end of the cell (Fig. 2b , arrowheads). Similar changes were also observed at a higher drug concentration (20 M) but within a shorter period of time (30 min). At longer incubation periods (up to 48 hr), Schwann cells rounded up and detached from the substrate (data not shown). These morphological changes are consistent with the loss of Rho activity in treated cultures, because stress fiber formation and focal adhesion complexes, which promote substrate attachment, are known to be dependent on its function (Etienne-Manneville and Hall, 2002) .
Schwann cells form numerous short myelin segments in ROCK-inhibited cocultures
We next characterized the effects of ROCK inhibition on Schwann cell-axon interactions in myelinating cocultures. Schwann cells were added to dissociated DRG neuron cultures with established and extensive neurite outgrowth. Cocultures were then switched to media containing ascorbate to rapidly promote basal lamina formation and myelination with or without 20 M Y-27632 or HA-1077 for 1 week. The drug was well tolerated by the cultures at this concentration for the duration of the experiment, and it did not interfere with the attachment of Schwann cells to neurites presumably reflecting distinct mechanisms of adhesion to neurites than to the substrate (Salzer, 1995) . Cultures were fixed and stained for MBP to identify compact myelin sheaths.
Two striking and reproducible effects were observed in the treated cultures: a dramatic increase in the number of myelin segments and a substantial decrease in the length of these segments compared with controls. (Fig. 2c,d ). Myelin thickness appeared to be normal in many cases, but some segments in the treated cultures were abnormally thick, particularly for their short length (Fig. 2d, inset ). Although both inhibitors had similar effects, Y-27632 generally produced more robust effects at equivalent doses and was used in most of the subsequent studies. Inhibition of ROCK has been shown to affect neurons (for example, promoting neurite outgrowth) (for review, see Luo 2002) . We therefore also examined whether 20 M Y-27632 had any effect on mature DRG cultures, which had already developed an extensive neurite network before exposure to the drug. After 1-2 weeks of continuous treatment, no effect on neurite morphology or branching was observed in treated cultures compared with controls by phase microscopy or staining with anti-neurofilament antibodies (data not shown).
Quantitation of the number and length of MBP segments in these cultures demonstrated that there was approximately three times as many MBPϩ segments in ROCK-inhibited versus control cultures, and that treated segments were on average 50 -60% shorter than control segments. Each of these differences was highly significant ( p Ͻ 0.0001) ( Table 1) . Although some myelin segments of normal size did form in the treated cultures, the overall size distribution in these cultures was markedly skewed toward shorter segments, whereas a normal Gaussian distribution was observed in control cultures (Fig. 3a) . Remarkably, some of the segments formed in the treated cultures were shorter than 10 m (see below), a feature never observed in control cultures (Fig. 3a) . These differences between control and treated cultures did not result from a delay in the onset of myelination or delayed elongation of segments because after 3 weeks of treatment, these differences persisted, and segment size remained short (Fig. 3b) .
We next examined whether there is a critical window for the effects of ROCK inhibition on myelination. To this end, we added Y-27632 at different times after switching the cultures to myelinpromoting media. Adding the drug during the first 48 hr produced the most dramatic effects in terms of the number of short MBPϩ segments present in cultures after 7-14 d. Adding the drug to cultures that had initiated myelination for 4 d or more had a negligible effect on myelination. Most segments that formed under these conditions had a normal appearance, and only occasional short MBPϩ segments were observed (data not shown). Interestingly, cocultures treated for 7 d and then maintained for an additional 1-2 weeks without the drug contained a mixture of short and normal size myelinated segments (data not shown). These results indicate that the morphological effects of ROCK inhibition on myelination (i.e., formation of aberrantly short myelin segments) are persistent; however, once the inhibition is removed, new segments that form are of normal size. Together these results suggest that ROCK activity is critical at early stages of myelination; however, once the myelination program is well established, inhibition of ROCK has no apparent effect on myelin morphology.
Schwann cell proliferation and differentiation are not affected by ROCK activity
This increase in the number of short myelin segments in the ROCK-inhibited cocultures could potentially reflect an increase in the number of Schwann cells that differentiate and form myelin coupled with a failure of these cells to elongate along the axon properly. Alternatively, changes in myelin morphology resulting from ROCK inhibition might reflect abnormalities in the organization of the myelinating Schwann cell cytoskeleton. We therefore investigated whether ROCK inhibition affected either Schwann cell proliferation or differentiation. Treatment with Y-27632 or HA-1077 had no effect on the proliferation rate of Schwann cells grown alone or stimulated to divide by coculture with neurons (data not shown), in agreement with previous reports in other systems (Ishizaki et al., 2000) . In addition, Schwann cell density was comparable in control and treated cocultures on the basis of inspection of the numbers of nuclei.
ROCK inhibition also did not affect the amount of myelin that formed or Schwann cell differentiation. Thus, the total length of myelin formed per culture (i.e., the total number of segments multiplied by their mean length) was comparable in the treated and control cultures ( Table 1) . Analysis of P0 and myelinassociated glycoprotein (MAG) content by Western blotting was also similar in control and cultures treated for different time periods (Fig. 3c) . We also examined the expression of laminin ␣-2 and ␤1, ␤4 integrins in cocultures, because interactions of Schwann cell receptors with the extracellular matrix are critical in differentiaton and myelination (Previtali et al., 2001) . No differences were observed in the total amount of laminin ␣-2 (Fig. 3c ) or ␤1 and ␤4 integrin subunits between control and treated cultures (data not shown). Finally, no effect on the expression of Krox 24, a transcription factor associated with nonmyelinating Schwann cells (Topilko et al., 1997) or of SCIP and Krox 20, two promyelinating transcription factors (Zorick et al., 1996) , were observed by immunofluorescence (data not shown) or Western blotting (Fig. 3d) . Thus, ROCK does not regulate Schwann cell differentiation or proliferation.
ROCK regulates the organization of myelin segments and associated axonal domains
To examine the morphology of individual myelinating Schwann cells in more detail, we stained cocultures for MBP and laminin, a component of the basal lamina, which delineates individual axon-Schwann cell units (Fig. 4) . This analysis revealed a number of significant defects in treated cultures. Notably, Schwann cells in the treated cultures frequently formed several myelin segments per cell; many of these segments were quite short (Fig. 4c-g ). Thus, instead of a single, long, myelin segment characteristic of controls (Fig. 4a,b) , several smaller myelin segments formed. The number of segments formed by treated Schwann cells varied. In some cases, only one (Fig. 4e, arrow) or two segments (Fig. 4c , Schwann cell-neuron cocultures were maintained in the absence (control) or presence of 20 M Y-27632 for 4 or 7 d and were fixed and stained for MBP. The total number of segments and mean segment length were counted and quantitated from random low-power microscopic fields in each condition. Total myelin lengths formed per culture were calculated by multiplying the total number of segments and the mean segment length. The number of segments and mean segment length differed significantly between control and treated cultures (‫ء‬p Ͻ 0.0001; Mann Whitney t test).
arrowheads) were generated. These short segments often formed in the central region of the cell and were typically adjacent to nonmyelinated (MBPϪ) regions of the same Schwann cell (Fig.  4d-g ). They are likely to correspond to some of the segments shown at higher power in Figure 2d . When several myelin segments were elaborated by a single Schwann cell, segments could vary in their apparent thickness (Fig. 4e-g , compare segment 1 with segments 2 and 3), strongly suggesting that each of these segments wrap around the axon independently. The overall length of myelinating Schwann cells (e.g., their extension along the axon) (indicated by the dotted lines in Fig. 4b, d-g ) appeared to be unaffected by treatment and was comparable with control cultures.
Other abnormalities in the treated cultures included numerous small filopodial-like protrusions emanating from the outer surface of the myelin segment (Fig. 4d,f,g ). Segments in control cultures are smooth and devoid of such protrusions along their length. In addition, in the treated cultures, Schwann cell nuclei were often eccentrically located along the longitudinal axis of myelinating cells (Fig. 4d,f, asterisks) , whereas in controls, nuclei are invariably at the center of the internode (Fig. 4b, asterisks) .
We characterized the ultrastructure of these short myelin segments by electron microscopy (Fig. 5 ). In agreement with immunofluorescence results, we identified a number of very short compact myelin segments, each complete with normally arrayed paranodal loops contacting the axon. In the example shown in Figure 5a , a remarkably short internode of 3-4 m with two flanking paranodal regions at either end is shown. Other abnormalities of myelination included double paranodes (Fig. 5b) , which are likely to result from some inner myelin lamellae that terminate within the internode (PN1), rather than extending the full length of the sheath along the axon. In addition, atypical Schwann cell processes were frequently present. Figure 5c (inset magnified in d) shows a short process arising from an adjacent nonmyelinating Schwann cell, contacting the paranodal and nodal regions of another segment. These panels also demonstrate two nodes (labeled N in Fig. 5b ; delineated by arrowheads in d), both of which are contacted by overlying Schwann cell processes.
To determine the effects of ROCK inhibition on the molecular organization of myelinated fibers, we characterized the distribution of nodal (␤IV spectrin and Na ϩ channels) and paranodal (Caspr) markers in the treated cultures. Nodal (Fig. 6a ) and paranodal ( Fig. 6b-d ) markers were enriched on either side of these short MBPϩ myelin segments. As a result, a single Schwann cell organized up to four such nodal-paranodal domains along its territory (Fig. 6a,b, arrows) . These nodal domains were consequently much more closely spaced than in controls. These findings and the different thickness of segments from a single cell strongly suggest that short MBPϩ segments form as independent myelin sheaths around axons. Caspr and nodal markers were typically present just beyond the ends of compact MBPϩ myelin segments, as observed in control cultures (data not shown). In a few instances, Caspr staining overlapped with that of MBP (Fig.  6c, arrowhead) , indicating that a portion of the inner myelin lamellae terminated prematurely as paranodal loops (compare with PN1) (Fig. 5b) . Because the distribution of axonal domains in the ROCKinhibited cultures mirrored abnormalities of the myelin sheaths, these findings support the notion that the glial cell dictates the distribution of axonal components. In agreement, components of the initial segments, which are intrinsically specified by the neuron (Winckler et al., 1999) , were unaffected in treated cultures (data not shown).
As noted, myelinating Schwann cells in the treated cultures branched aberrantly with processes arising from the outer surface of one myelin segment contacting the paranodes of another myelinated fiber (Fig. 6c,d , asterisks); these findings are consistent with EM results described above (Fig. 5c) . Remarkably, in one instance, an orthogonal branch from the surface of a myelinating Schwann cell appeared to form a thin myelin sheath around an entirely separate axon (Fig. 6d,  arrow) . Each end of this short myelin segment is associated with paranodes (compare with Fig. 5a ).
Given the effect of ROCK inhibition on ERM distribution and microvillar formation in Schwann cell-only cultures (Fig.  2b) , we examined the distribution of ERM proteins in cocultures treated with Y-27632 (Fig. 7) . In control cocultures, ezrin was clearly concentrated at the ends of myelinated segments (Fig. 7a,c ,e, arrowheads) overlying the nodal axolemma as reported previously (Melendez-Vasquez et al., 2001) . Colocalization of ezrin with ␤IV spectrin at the node (Fig. 7e , arrowheads) is also shown. In ROCK-inhibited cultures (Fig. 7b,d,f ) , the distribution of ezrin was aberrant and frequently persisted along much of the length of the Schwann cell (Fig. 7d) . However, ezrin staining also was detected often at nodes (Fig. 7b,d,f, arrowheads) where it colocalized in most cases with spectrin (Fig. 7f ) . These results indicate that development of longitudinal polarity, evidenced by the distribution of ezrin, is perturbed in the ROCK-inhibited cultures. Together, these morphological and immunofluorescence studies demonstrate that inhibition of ROCK promotes aberrant branching, results in the multicentric formation of myelin segments with matching abnormalities of axonal domains, and perturbs longitudinal polarity.
ROCK regulates myosin light chain phosphorylation
To elucidate the mechanisms by which ROCK regulates myelin sheath formation and might perturb ERM localization, we examined phosphorylation levels of several presumptive targets of ROCK by Western blotting (Fig. 8a) . Surprisingly, despite its altered distribution, levels of ERM phosphorylation were similar in control and treated cocultures; phosphorylation levels even increased in the Schwann cell-only cultures (data not shown).
These results indicate that phosphorylation of ERMs in Schwann cells is primarily independent of ROCK activity, in agreement with a previous report (Matsui et al., 1999) , and suggest that the altered distribution of ezrin reflects aberrant Schwann cell morphology or cytoskeletal organization rather than changes in ERM phosphorylation levels. We also examined two additional downstream targets of ROCK involved in actin cytoskeleton organization: MLC, the phosphorylation levels of which are directly regulated by ROCK; and cofilin, which is phosphorylated by LIM-kinase, a substrate of ROCK (Maekawa et al., 1999) and of PAK (Edwards et al., 1999) . The levels of phosphorylated MLC but not cofilin were substantially reduced in cocultures treated with ROCK inhibitor. Some residual MLC phosphorylation persists, which may reflect activity of ROCK-independent pathways including MLC kinase. These results suggest that MLC phosphorylation may play a key role in ROCK-dependent events at the onset of myelination. To further explore this possibility, we examined the levels of phosphorylated MLC during peripheral nerve development (Fig.  8b) . MLC phosphorylation is dramatically upregulated at the onset of myelination in rat sciatic nerve, which begins in a near synchronous manner at postnatal day 1 (P1) to P2 (Melendez Vasquez et al., 2001 ). The level of phosphorylated MLC decreases substantially after P2, and minimal signal is detected in the adult nerve. Initial results with antibodies to phospho-cofilin suggest a very similar pattern of activation (data not shown). In contrast, myelin protein expression progressively increases during the same time period; actin levels, used as a loading control, were equivalent at each time point. Because both neurons and Schwann cells could contribute to the phospho-MLC activity detected on the blots, we examined nerves by immunofluorescence. These results confirmed highlevel expression of phospho-MLC in Schwann cells at P2 (data not shown). Initial studies indicate that ROCK levels either gradually increase (ROCK1) or remain stable (ROCK2) from birth through P30, suggesting that MLC phosphorylation is independent of the levels of ROCK proteins (data not shown). Together, these results suggest that MLC is actively phosphorylated by ROCK at the onset of myelination and plays a key role in establishing the morphological organization of the myelin sheath.
Discussion
Although the function of the myelin sheath in saltatory conduction (Huxley and Stämpfli, 1949) and important details of its structure (Geren, 1954) have long been known, the molecular mechanisms of its formation have remained elusive. With this report, we established a novel role for ROCK, a key effector of Rho, in myelin sheath formation by Schwann cells. Our findings indicate that ROCK, which appears to be activated at the onset of myelination, suppresses branching and promotes coordinate progression of the myelin sheath around the axon. Thus, inhibition of ROCK in Schwann cells results in the formation of multiple myelin segments that independently wrap axons. ROCK appears to mediate these effects by promoting MLC phosphorylation, which is robustly activated at the onset of myelination and then downregulated. These findings have significant implications for mechanisms of myelin formation in Schwann cells and potentially oligodendrocytes and formation of axonal domains in myelinated fibers.
ROCK regulates Schwann cell branching and myelin morphology but not wrapping ROCK-inhibited Schwann cells form filopodial-like structures from their outer surface and generate variable numbers of myelin sheaths at their inner surface (Figs. 4d,f,g, 6c) . These effects were seen independently with two well characterized and selective ROCK inhibitors (Amano et al., 2000) underscoring the specificity of the results. ROCK mediates these effects primarily during formation of the initial membrane wrap, because both inhibitors had the greatest effect at the onset of myelination. A few examples of internal paranodes (e.g., paranodes underneath compact myelin) were observed in the treated cultures (Figs. 5b, 6c) , suggesting that wrapping of the inner turn occasionally became discontinuous during active myelination. These findings implicate ROCK in suppressing aberrant branching from the abaxonal (outer) surface and promoting the coordinate wrapping of the myelin sheath around the axon possibly by analogous suppression of aberrant branching of the inner adaxonal membrane. ROCK has a comparable role in other cell types, notably in neurons where it inhibits branching and outgrowth of axons and dendrites (Luo, 2002) .
Schwann cells in the treated cultures exhibit some similarities to myelinating oligodendrocytes, notably in the increased numbers of processes and formation of multiple myelin segments. Segments formed by ROCK-inhibited Schwann cells appeared to vary in their thickness (Fig. 4e-g ). Although EM will be necessary to confirm this impression, these results suggest each segment independently myelinates an axon akin to the ability of oligodendrocytes to generate sheaths with differing numbers of lamellae (Waxman and Sims, 1984) . A recent study demonstrated that ROCK also regulates oligodendrocyte process formation (Wolf et al., 2001) . Oligodendrocytes expressing a dominant-negative Rho had more elaborate processes, whereas those transfected with activated Rho had a striking reduction in the number and extent of process formation (Wolf et al., 2001) . Although myelination was not directly investigated, these findings suggest that differences in the level of Rho activity in Schwann cells and oligodendrocytes could contribute to the distinct patterns of myelination by these glia; different activation levels may also account for variability in myelin segment numbers by oligodendrocytes in different regions of the CNS (Remahl and Hildebrand, 1990) .
Note that Schwann cells extend along and wrap axons appropriately in the treated cultures. Even very short myelin segments had normal or even increased numbers of lamellae on the basis of immunofluorescence (Figs. 2d, 4d ) and electron microscopy ( Fig.  5a,b) . These results indicate that key aspects of myelin morphogenesis (e.g., longitudinal extension along the axon and spiral wrapping) are ROCK-independent processes. They also support the notion that the molecular machinery that promotes spiral formation of the myelin sheath around the axon is dispersed along the length of the glial sheath rather than being localized to a few discrete sites.
Regulation of ROCK activity during myelination ROCK appears to be activated at the onset of myelination. Thus, both MLC (Fig. 8b ) and cofilin (data not shown) are robustly phosphorylated during the early postnatal period and then downregulated. Much of the phosphorylated MLC in early postnatal nerves is expressed by Schwann cells on the basis of immunofluorescence. ROCK inhibitors block MLC phosphorylation in cocultures much more effectively than MLC kinase inhibitors (data not shown) and have maximal effects at early stages of myelination. As ROCK levels remain stable or increase gradually over the first postnatal month (data not shown), the increase in MLC phosphorylation presumably reflects activation of ROCK and, by inference, Rho. In the future, it will be useful to demonstrate Rho activation directly as ROCK can be activated by certain lipids, including arachidonate, in a Rho-independent manner (Feng et al., 1999) .
The mechanisms that regulate Rho activity in Schwann cells during myelination are not yet known. In the adult sciatic, RhoA is expressed in the abaxonal, paranodal, and microvillar compartments and Schmidt-Lanterman incisures (Scherer and Gutmann, 1996; Terashima et al., 2001) . Localization of Rho to the abaxonal compartment suggests it may be regulated by ECM receptors. In agreement, laminin receptors were recently shown to activate Rho via the association of FAK (focal adhesion kinase) . MLC phosphorylation in cocultures and during PNS development. a, Lysates of cocultures maintained in myelinating media for 2, 4, or 7 d with (ϩY) or without (C) the ROCK inhibitor were analyzed for the phosphorylated forms of ERMs, cofilin, and MLC. Levels of phophorylated MLC were dramatically reduced in ROCK-inhibited cultures in contrast to cofilin and ERMs. b, Lysates (30 g of protein per lane) of rat sciatic nerve prepared from animals from P0 to adult were probed with antibodies specific for phosphorylated MLC, PO, and actin. MLC phosphorylation is dramatically upregulated at the onset of myelination (P1-P2) and then rapidly declines.
with p190Rho guanidine exchange factor (GEF) (Zhai et al., 2003) . Interestingly, dystrophic mice, which harbor a mutation of the ␣-2 chain of laminin (Sunada et al., 1994; Xu et al., 1994) , exhibit myelin defects resembling those in kind, but not severity, to ROCK-inhibited cultures (Jaros and Bradley, 1979) . Similarly, cocultures from dystrophic mice exhibit short, thick, myelin segments and nuclei that are eccentrically located along the internode (Okada et al., 1980) akin to treated cultures. These results suggest that laminin-2 may activate Rho to regulate Schwann cell myelination.
The rapid downregulation of phospho-MLC in vivo from approximately P4 -P14 was unexpected, because this is a period when PNS myelin sheaths undergo significant expansion in the radial and longitudinal directions. However, the limited effect of ROCK inhibitors on older cultures is consistent with this finding. The mechanism by which Rho activity may be dowregulated after myelination is initiated is not known. p190 RhoGAP is a potential candidate, because it inhibits Rho activity in differentiating oligodendrocytes (Wolf et al., 2001) . Additional studies will be important to clarify the role of both laminin and p190 as positive and negative regulators of Rho activity, respectively, during myelination.
Role of ROCK in myelin sheath formation
Movement of the glial sheath around the axon during myelination is likely to involve polarized actomyosin-generated forces linked to cell surface molecules that mediate interactions with the axon and matrix. How might ROCK coordinate progression of the myelin sheath around the axon and suppress aberrant branching during this process? Our data suggest that activation of Rho and ROCK at the onset of myelination results in MLC phosphorylation (Fig. 8) . MLC phosphorylation, in turn, would be expected to promote actomyosin assembly, which is likely to exert contractile effects, such as those involving stress fibers or that limit spreading of the leading edge of cells (Wakatsuki et al., 2003) , thereby limiting inappropriate branch formation. Data presented here (Fig. 2) and in a recent study (Taylor et al., 2003) indicate that formation of focal adhesions and stress fibers in Schwann cells indeed involves ROCK activity. MLC phosphorylation may also stabilize a continuous cortical actin network at the leading edge of the inner turn that prevents formation of separate myelin sheaths.
Myosin II has three isoforms, IIA, IIB, and the recently described (Golomb et al., 2004 ) IIC isoform. IIA and IIB are differentially localized and regulated in many cell types; much less is known about the IIC isoform. In neuronal growth cones, myosin IIB is localized at the periphery (Rochlin et al., 1995) and promotes growth cone extension (Bridgman et al., 2001 ) independent of MLC phosphorylation (Jalink et al., 1994; Wylie and Chantler, 2001 ). Myosin IIA is concentrated in the central domain (Rochlin et al., 1995) where it is essential for focal contacts and may promote neurite retraction in a Rho-and MLC phosphorylation-dependent manner (Wylie et al., 1998; Wylie and Chantler, 2001 ). Both oligodendrocytes (Song et al., 2001) and Schwann cells (C. V. Melendez-Vasquez, J. Salzer, unpublished observations) express these myosin isoforms. In oligodendrocytes, myosin IIB is enriched at the leading edge together with actin microfilaments, whereas myosin IIA is predominately in the perinuclear area and proximal region of the main processes (Song et al., 2001) ; their distribution has not yet been characterized in Schwann cells. Determination of the localization of these myosin isoforms and the regulation of their phosphorylation during Schwann cell myelination will be essential to elucidate the signaling pathways that coordinate glial wrapping as well as the ROCKindependent morphogenetic events of myelination, including spiral wrapping and longitudinal extension of the myelin sheath.
Generation of axonal domains
One of the most striking findings of this study is that each of the short MBPϩ segments in the treated cultures constitutes a separate myelin-axon unit, complete with nodes and paranodes (Fig.  6 ). These nodal equivalents were remarkably closely spaced along the axon, in some cases being separated by ϳ10 m or less. They accumulate in register with the gaps between short myelin segments, surrounded in many cases by paranodal markers. These results essentially confirm that the position of these channel clusters is not predetermined by the neuron but rather that the glial cell dictates their localization in agreement with previous studies (for review, see Salzer, 2003) .
Of interest, nodal axonal markers were exclusively localized in the gaps between MBPϩ segments even though redistribution of ERM proteins, a marker of Schwann cell processes that project to the node (Melendez-Vasquez et al., 2001) , was incomplete. Recent studies suggest that contact-dependant signals, potentially involving interactions of the axon with ERMϩ processes, are important in node formation (Ching et al., 1999; MelendezVasquez et al., 2001; Gatto et al., 2003) . Findings in this study raise the possibility that nodes may also form as the result of active exclusion or endocytosis, of nodal components from sites overlain by compact myelin sheaths. However, because ezrin was frequently coexpressed by Schwann cells at many of the same sites as nodal markers (Fig. 7f ) , and glial processes frequently contact nodes (Fig. 5) , these studies do not exclude a role for ERMϩ processes in node formation. Other experimental strategies will be required to clarify the role of the nodal microvilli in node formation.
As noted, ERM proteins normally concentrate at either end of the Schwann cell before MBP expression, indicating Schwann cells are longitudinally polarized just before the onset of myelination (Fig. 7) . Ezrin mislocalization in the ROCK-inhibited cultures may result from defects in the longitudinal organization of the treated Schwann cells and does not appear to result from a block in ERM phosphoryation, which was unaffected in these cultures (Fig. 8) . Other manifestations of an aberrant longitudinal organization in the treated Schwann cells include an eccentric location of the nucleus and multiple, short myelin segments that form along the length of the Schwann cell. Rho and ROCK have been implicated in the development of epithelial polarity via transport and cytoskeletal effects (Van Aelst and Symons, 2002) . Thus, defects in ERM localization and longitudinal organization may potentially reflect broader defects in cell polarity.
In summary, we have shown that ROCK activation regulates the initial morphogenesis of the myelin sheath and suggest that MLC phosphorylation, which increases dramatically but transiently at the onset of myelination, plays a key role in these events. These studies, and the recent demonstration that a mutation in a RhoGEF is associated with thinly myelinated nerve fibers (VeRhoeven et al., 2003) , underscore the importance of Rho family GTPases in myelination. Elucidating the regulation of Rho activity, the function of ROCK-independent myosin motors, and the role of other Rho GTPases during myelination should provide important, additional insights into mechanisms of myelin formation.
